Objective Develop an accelerated cine displacement encoding with stimulated echoes (DENSE) cardiovascular magnetic resonance (CMR) sequence to enable clinically feasible myocardial strain evaluation in patients with dilated cardiomyopathy (DCM). Materials and methods A spiral cine DENSE sequence was modified by limiting the field of view in two dimensions using in-plane slice-selective pulses in the stimulated echo. This reduced breath hold duration from 20RR to 14RR intervals. Following phantom and pilot studies, the feasibility of the sequence to assess peak radial, circumferential, and longitudinal strain was tested in control subjects (n = 18) and then applied in DCM patients (n = 29). Results DENSE acquisition was possible in all participants. Elements of the data were not analysable in 1 control (6%) and 4 DCM r(14%) subjects due to off-resonance or susceptibility artefacts and low signal-to-noise ratio. Peak radial, circumferential, short-axis contour strain and longitudinal strain was reduced in DCM patients (p < 0.001 vs. controls) and strain measurements correlated with left ventricular ejection fraction (with circumferential strain r = − 0.79, p < 0.0001; with vertical long-axis strain r = − 0.76, p < 0.0001). All strain measurements had good inter-observer agreement (ICC > 0.80), except peak radial strain. Discussion We demonstrate the feasibility of CMR strain assessment in healthy controls and DCM patients using an accelerated cine DENSE technique. This may facilitate integration of strain assessment into routine CMR studies.
Introduction
In cardiomyopathy patients, early disease detection and sensitive markers of disease progression are important. Left ventricular ejection fraction (LVEF) is the mainstay to assess myocardial function, but has a number of limitations [1] . It is relatively insensitive and compensatory changes in global circumferential strain as well as in wall thickening can mask important disease [2] .
Assessment of myocardial strain complements assessment of myocardial function. It affords the opportunity for more sensitive detection of disease and overcomes some of the limitations of myocardial geometry. In addition, myocardial strain assessment, particularly longitudinal strain, is 1 3 prognostically important in dilated cardiomyopathy (DCM) [3] and can detect early LV dysfunction [4] . With a high genetic predisposition in DCM, early recognition and therapeutic intervention may facilitate timely disease modifying therapy.
Cardiovascular magnetic resonance (CMR) is becoming increasingly important in DCM due to advanced tissue characterization [5, 6] , but the CMR assessment of myocardial strain has been limited. CMR tissue tagging [7, 8] is the most studied method, but its application has been hindered by tag fade in diastole, low spatial resolution, and complex post-processing, reflected by low utilisation [9] .
There is, therefore, a need for a robust CMR methodology to assess strain in DCM patients. Displacement encoding with stimulated echoes (DENSE) [10] [11] [12] is an established technique to measure myocardial strain, but its clinical application has been limited by long breath hold durations or navigator gating which can be impractical and time consuming, particularly for patients with heart failure [13] . We, therefore, developed an accelerated cine DENSE sequence to enable the evaluation of strain in a breath hold time suitable for patients with DCM.
In this paper, we present the results of a feasibility study evaluating the CMR acquisition and analysis of myocardial strain using a novel cine DENSE sequence, first in healthy control participants and then applied to a cohort of DCM patients.
Materials and methods
This study was approved by the regional research ethics committees and all participants gave written informed consent. CMR was performed at 3T (Siemens Skyra, Erlangen, Germany) using an anterior body and spine receive coil array.
Sequence modification
We modified a cine DENSE sequence with a spiral k-space trajectory [14] by reducing the imaged field of view (FOV) to a small square region around the left ventricle while avoiding aliasing artefacts (Fig. 1) . This was achieved via perpendicular in-plane slice selection gradients applied to the first and second of the three radiofrequency (RF) pulses required to produce the stimulated echo. The smaller FOV means that fewer spiral interleaves can be used for a given spatial resolution without undersampling. To provide a satisfactory excitation profile, with minimal additional echo time, a time-reversed pair of asymmetric RF pulses (81% and 19% asymmetry) was used.
Phantom study
The in-plane excitation profile and signal-to-noise ratio (SNR) of the proposed method was assessed in an 11 cm diameter cylindrical phantom filled with 40 g/L agar in tap water. T1 and T2 were measured at 1060 ± 20 ms and 58.1 ± 0.7 ms, respectively.
The in-plane excitation profile was assessed by acquiring DENSE data with a stimulated echo FOV of 50 × 50 mm 2 (determined by the slice selection of the first two RF pulses in Fig. 1 ) and a larger readout FOV of 250 × 250 mm 2 . To determine the maximum size of the stimulated echo FOV for a given readout FOV without aliasing artefacts DENSE imaging was performed using a 70 × 70 mm 2 readout FOV and a stimulated echo FOV of 70 × 70 mm 2 , 90 × 90 mm 2 and 110 × 110 mm 2 . To determine the effect of the reduced FOV technique on the magnitude image SNR, DENSE acquisitions were performed with 4 protocols, each repeated 20 times to provide noise estimates [15] . Three protocols were those used Fig. 1 Novel accelerated zonal spiral cine DENSE sequence. The first RF pulse (red) reduces the y FOV to the region between the red lines, while the second RF pulse (blue) reduces the perpendicular FOV, leaving a region around the heart to image. The schematic sequence diagram also shows the R wave of the ECG, fat suppression (fat sat.), the DENSE encoding and spiral gradients (green) and the slice-selective RF pulses (purple) with increasing flip angle used for imaging. In our pilot study, a mean of 27 frames were acquired (30 ms each), which equates to 54 spiral readouts in each cardiac cycle (TR = 15 ms) in the pilot healthy volunteer study below (20RR intervals,  360 × 360 mm  2 FOV; 14RR-intervals, 224 × 224 mm  2 FOV;  and 8RR-intervals, 120 × 120 mm 2 FOV) and the fourth was identical to the 20RR-interval acquisition without the reduced FOV technique. Single image SNR was calculated using the multiple repetitions method [15] and a mean ± standard deviation was calculated for an artefact-free region within the phantom.
Pilot study
A pilot study (originally reported in [16] ) evaluated the performance of this novel sequence in vivo with increasingly short breath hold durations. Eight healthy volunteers were imaged using the novel reduced FOV sequence with three different FOVs and breath hold durations.
DENSE was performed in a mid-ventricular short-axis slice using 3.2 × 3.2 mm 2 acquired spatial resolution, 8 mm slice thickness, 30 ms temporal resolution, 2 spiral interleaves per RR-interval, 2-directional encoding at 0.06 cycles/mm, chemical shift selective fat saturation, repetition time/echo time (TR/ TE) 15/1.0 ms, and variable flip angle (maximum of 20°). Unwanted echo pathways were minimised via CSPAMM-like encoding and through-plane dephasing (0.08 cycles/mm). Second-order B0 shimming was performed using a cardiac specific method [17] . As in the phantom SNR study, the three protocols were run with FOVs of 360 × 360 mm 
Study cohort

Healthy control cohort
The healthy control cohort (n = 18) comprised individuals who did not have a history of medical illness, were not taking regular medication, and did not have evidence of cardiac structural or functional impairment on CMR.
DCM cohort
The DCM cohort was prospectively recruited (n = 29). Inclusion criteria were meeting criteria for a diagnosis of DCM (Supplementary materials), over 18 years of age, sinus rhythm, and the absence of a contraindication to CMR.
CMR acquisition
All participants underwent CMR for assessment of cardiac structure, function, and myocardial strain.
Acquisition and assessment of cardiac structure and function
End-expiratory breath hold balanced steady-state free precession (bSSFP) cine images were acquired in the 3 longaxis planes (horizontal long axis, HLA; right ventricular outflow tract, RVOT; left ventricular outflow tract, LVOT); and 8 mm short-axis slices (2 mm gap) from the atrioventricular ring to the apex as previously described [5] (acquisition parameters in Supplementary materials). Biventricular volumes, function, and left ventricular (LV) mass were measured using a semi-automated threshold-based technique (CMRtools, Cardiovascular Imaging Solutions, London, UK). Left ventricular wall thickness and left atrial area were assessed as outlined in Supplementary materials. All volume and mass measurements were indexed to body surface area and referenced to age and gender [18] .
Acquisition and assessment of myocardial strain data using modified cine spiral DENSE sequence
Based on the initial pilot study, DENSE acquisitions were performed using the 14RR interval protocol (224 × 224 mm 2 FOV, readout and stimulated echo FOV equal) described above. Images were acquired at the mid-ventricular shortaxis (SAX) level and in 2 long-axis planes (horizontal, HLA and vertical, VLA) using the novel reduced FOV sequence and an optimised protocol. All images were reconstructed online at the scanner. Comparative images were not acquired with a breath hold duration of 20 RR intervals, as these data were acquired within a longer protocol. We did not wish to subject patients with dilated cardiomyopathy to multiple long breath holds that they would find difficult and potentially lead to aborted studies.
DENSE analysis
Images were analysed and strain extracted from the DENSE data using semi-automated MATLAB (The Mathworks, Natick, MA) post-processing software from the University of Virginia [19] [20] [21] . The first stage of analysis was anatomical delineation, using either a contour or a region of interest covering the LV in the imaged slice. For long-axis images, this was done with a single line contour placed in the mesocardium, midway between the epicardium and endocardium (Fig. 2) . For SAX images, both contour analysis and a region of interest were defined, with the region of interest manually defined between endo-and epicardial borders (Fig. 2) . These contours were defined in either the peak systolic frame or a diastolic frame before automated propagation to the other frames (motion guided segmentation [22] ), with subsequent manual adjustment as required. The frames with poor SNR at the end of cardiac cycle, where the myocardial outline could not be discerned, were discarded. Strain was then calculated in the segmented areas, generating regional polarstrain/time curves for radial and circumferential strain, contour strain/time curves for longitudinal strain in 2 planes and contour strain/time curves for short-axis strain. From these, global peak strain results were derived for each participant: SAX contour strain, longitudinal strain in the HLA and VLA planes, radial strain, and circumferential strain.
Statistical analysis
Continuous data are expressed as mean ± standard deviation or median (inter-quartile range) and compared using the t test or Mann-Whitney test, respectively. Categorical data are expressed as number and percentages, and compared using Fisher's exact test. Univariable linear regression was used to display the relationship between strain data and LVEF. Correlation testing using the Pearson correlation coefficient was performed to define the relationship between strain data and CMR parameters and visualised using the corrplot package in R. A random subset of studies (n = 5 controls and n = 5 DCM) was analysed by an independent operator and intraclass correlation coefficients were calculated to evaluate inter-observer variability. A p value of < 0.05 was considered significant and all analyses were conducted in the R statistical environment (version 3.3.1) or MATLAB (R2018a, pilot data only). Figure 3 shows the in-plane excitation profile. There is no visible signal outside the excited region and the full-width half maximum of the profile is 47 mm in both directions (prescribed size of 50 mm). Supplementary Fig. 1 shows that with an equal stimulated echo and readout FOV, there is no visible aliasing in the magnitude or phase images, but with increasing stimulated echo FOV, spiral aliasing becomes apparent.
Results
Phantom study
The magnitude image SNR is reduced by 7% when using the stimulated echo FOV reduction method (270 ± 120 vs. 290 ± 100, for 20RR interval acquisition with and without the reduced stimulated echo FOV, respectively). Using the 14RR interval acquisition SNR (174 ± 69) is 36% lower than the 20RR interval acquisition (with reduced stimulated echo FOV) and 56% lower using the 8RR interval acquisition (SNR = 119 ± 53).
Pilot in vivo data
Supplementary Fig. 2 plots peak radial strain for the three protocols acquired in the eight healthy volunteers. A positive bias is defined as an over-estimation relative to 20RR interval data, biases are quoted as median (inter-quartile range), and a Wilcoxon sign-rank test was used for comparison with the 20RR interval data. There are no significant differences and a small bias between the peak radial strains acquired with the 14RR intervals (p = 
Cohort demographics
In total, 47 participants were recruited to the study (DCM patients, n = 29; healthy controls, n = 18). Baseline characteristics are summarized in Table 1 . Controls were younger than DCM patients (44.0 years vs. 52.8 years, p = 0.02).
There was no significant difference in gender (DCM 72% male vs. controls 61% male, p = 0.52) or body surface area between patients and controls. DCM patients had higher indexed left ventricular (LV) volumes (both end diastolic and end systolic), higher indexed LV mass, lower LV stroke volume, and lower LVEF compared to healthy volunteers ( Table 1) .
Feasibility of DENSE acquisition and assessment
Cine DENSE data were successfully acquired in all participants. All DCM patients were able to complete the required breath hold duration. Elements of the data were not analysable in 1 control subject (6%) and 4 DCM patients (14%). In 1 control subject, the radial and circumferential strain data could not be analysed. In 1 DCM patient, no strain data were analysable. In 2 DCM patients, the radial and circumferential strain data could not be analysed. In 1 DCM patient, the VLA, radial and circumferential strain could not be analysed. Images were excluded from analysis because and from top to bottom (c). The receive coil spatial sensitivity variation causes the slope across the central region of the profiles. Receive coils were placed above (flexible matrix array) and below (spine coil, built into bed) the phantom (top and bottom of a) and sum of squares coil combination was used Examples of studies in which cine DENSE data analysis was not possible due to insufficient signal-to-noise ratio (top panels) and off-resonance due to a change in magnetic susceptibility (bottom panels). The orange and blue arrows highlight the poor SNR in the lateral wall, which approaches background noise levels (red arrow). A susceptibility or off-resonance artefact often affects the shortaxis data (purple arrow). The lower phase image shows phase wrap as the frames shown are acquired near peak systole. The DENSE processing software used here unwraps the phase of insufficient SNR to permit reliable analysis or due to offresonance artefacts (see Fig. 4 ).
DENSE results
Summary strain curves for the DCM and control cohorts are shown in Fig. 5 . Compared to healthy volunteers, DCM patients had reduced peak global longitudinal (VLA and HLA) and short-axis strain (contour, radial and circumferential) ( Table 2) .
Inter-observer reliability
Reliability estimates between two observers are shown in Table 3 . With the exception of radial strain, there is good inter-observer agreement in strain measurements (intraclass correlation coefficients > 0.80).
Relationship between strain data and other CMR parameters
Across the cohort, there was a strong linear relationship between LVEF and contour strain and LVEF and circumferential strain in healthy volunteers and DCM patients (Fig. 6 ).
There was also a linear relationship between LVEF and radial strain in healthy volunteers, though in DCM patients, this could not be clearly established, particularly for patients with severely impaired LVEF (Fig. 6 ).
The strength of correlation between measurements of strain and LVEF, mean septal and lateral wall thickness, and left atrial area in DCM patients only is shown in Fig. 7 . This shows that LVEF is strongly negatively correlated with circumferential, VLA, HLA, and SAX contour strains and moderately positively correlated with radial strain. Lateral wall thickness is moderately correlated with radial, circumferential, and HLA contour strain estimates, whereas septal wall thickness is not correlated with strain in DCM patients. As expected, both horizontal and vertical long-axis estimates of longitudinal strain are strongly positively correlated and SAX contour strain is strongly positively correlated with circumferential strain in DCM patients. Right ventricular ejection fraction is weak-moderately correlated with longitudinal strain, but is not correlated with LV radial or circumferential strain. LA area is not correlated with any estimate of strain.
Discussion
In this study, myocardial strain was assessed through the use of a novel cine DENSE sequence with a clinically feasible breath hold duration. We demonstrated a comprehensive strain assessment, including circumferential, radial, and longitudinal strain using this novel sequence in a cohort of healthy individuals and then established its ability to detect reduced strain in DCM patients. These findings are an important step towards the rapid clinical assessment of myocardial strain as part of a comprehensive CMR exam for DCM.
Although LVEF is the mainstay for assessment of cardiac function, it does not comprehensively assess myocardial function, is subject to high inter-observer variability, and is poorly discriminatory of sub-clinical disease [1] . Myocardial strain assessment may better reflect systolic function [2] . However, strain assessment in CMR has been limited by long scan times and complex post-processing.
Previous cine DENSE sequences have been shown to assess strain, but have been limited by long breath hold durations or unreliable navigator gated acquisitions. However, in this study, we made modifications to reduce the breath hold time to a clinically feasible duration for patients with DCM.
Initial phantom results show that the time-reversed pair of asymmetric RF pulses produce negligible residual aliasing artefact when the stimulated echo FOV is chosen to match the readout FOV. A stimulated echo FOV smaller than the readout FOV was not directly, evaluated, but no additional artefacts are expected within the stimulated echo FOV in this case. While the use of the reduced FOV method had a negligible effect on the SNR (7%), a reduction in acquisition duration and, therefore, FOV, resulted in a reduced SNR (36% reduction for the 14RR sequence in our phantom). In vivo, differences in peak strain between the techniques in the pilot study were small (bias was ≲ 8% of the mean). Based on these initial results and the FOV required for long-axis imaging, we selected the 14RR interval acquisition for evaluation in a cohort of DCM patients. The use of a spiral k-space trajectory limits the technique to a square FOV. Long-axis views may be more efficiently covered by a rectangle; however, we were able to image all healthy volunteers and patients within the 224 × 224 mm 2 FOV acquired within our 14RR-interval breath hold.
On application to control subjects and DCM patients, all participants were able to complete the required breath hold. This demonstrates the feasibility of using a reduced breath hold cine DENSE CMR sequence for myocardial strain evaluation. This is a protocol that could be easily incorporated into a clinical exam.
As expected, DCM patients had reduced peak strain compared to controls, measured in both the long and short axes. Longitudinal strain and LVEF evaluate different aspects of myocardial deformation. While LVEF largely reflects radial contraction, longitudinal strain is a measure of the active shortening of the LV in the longitudinal direction and represents, amongst other factors, the function of longitudinally orientated cardiomyocytes in the sub-endocardium [23] . These cardiomyocytes are more sensitive to reduced 1 3 Fig. 5 Summary strain-time curves for DCM and control cohort. The plots show the median longitudinal (horizontal long axis, HLA; vertical long axis, VLA) strain, short-axis (SAX) contour strain, and radial and circumferential strain in healthy volunteers (blue curves) and the DCM cohort (red curves). Curves are shown with the inter-quartile range (dashed lines). Peak strain is reduced in all dimensions in DCM patients compared to controls coronary perfusion and increased wall stress; therefore, longitudinal dysfunction may be an early marker of LV dysfunction [4] . Longitudinal strain assessments could, therefore, be used to assess sub-clinical disease, for example, in genotype positive phenotype negative individuals. Longitudinal strain is also of prognostic importance in DCM [3] . LV longitudinal strain assessed from CMR via manual distance measurements [24] and feature tracking has also been shown to be an independent predictor of survival in DCM [25] . However, while feature tracking has provided many insights into myocardial function, it is hindered by the limited number of CMR visible features within the myocardium and errors may be introduced via through-plane motion [26] . DENSE has been shown to be more reproducible than feature tracking [27] .
Therefore, a potential important strength of this technique that may have research and clinical utility is in the ability to assess longitudinal strain by CMR in DCM patients with minimal increase in exam duration. Indeed, myocardial strain appears to be a distinct CMR biomarker in this cohort. The left atrium has been identified as a CMR biomarker [28] , but in this cohort, somewhat surprisingly, left atrial area was not correlated with any estimate of strain.
Although data acquisition was feasible in the majority of cases, complete analysis was not possible for a proportion of subjects (6% of healthy volunteers and 14% of patients), which is consistent with the previous literature, where failure rates are reported [27, 29] . This was due to insufficient SNR or off-resonance/susceptibility artefacts, which results in image blurring or distortion. We have not attempted to make SNR measurements in our in vivo data due to the difficulties with measuring SNR in magnitude images and the changing signal intensity in the myocardium and blood pool that is present with cine DENSE. Future studies should consider the effects of SNR on strain values derived from DENSE and the minimum SNR required for analysis, potentially using synthetic data. Off-resonance and susceptibility artefacts could be reduced using shorter duration spirals in combination with techniques such as parallel imaging (if SNR allows), compressed sensing or machine learning-based reconstructions. Alternatively, such acceleration techniques could be used to accelerate acquisitions with a full or reduced field of view, as the spiral trajectories used in this work were all designed to be fully sampled. Future studies should consider comparing DENSE acquisitions accelerated using the reduced field of view method and accelerated imaging methods [30] .
Horizontal long-axis strain analysis was the most robust on inter-observer variability, compared to vertical long-axis strain. The analysis most susceptible to failure in both controls and patients was assessment of strain using endo and epicardial regions of interest in the SAX slice to determine circumferential and radial strain. This is due to both the limited spatial resolution and the thickness of the myocardial wall, which makes radial strain the most challenging measurement. In total, SAX ROI strain could not be assessed in five subjects, but of these, contour SAX strain assessment was possible in four subjects. SAX contour strain was also the most reproducible short-axis strain measurement. Across the DCM cohort, SAX contour strain showed strong Table 3 Inter-observer reliability estimates Table shows correlation with circumferential strain, and radial strain measurements showed little correlation with LVEF. Radial strain measurements were the least reproducible between observers. Therefore, SAX contour strain may be a more robust measurement of global strain in DCM patients than ROI-defined SAX strain measures. As contour strain analysis is less time consuming compared to ROI analysis, this may facilitate real world clinical application of this technique. The primary aim of this study was to demonstrate feasibility of assessment of strain in a control cohort and patient population using a modified cine DENSE sequence.
However, reproducibility of the strain measures between centres will, to some extent, determine the diagnostic utility of DENSE derived strain measurements within this context, particularly given the relatively small changes in strain between DCM and healthy cohorts.
Only the 14RR-interval acquisition was performed in the DCM and full healthy cohort, as other protocols would have added long breath holds to a long protocol. As a consequence, it is not possible to assess whether the diagnostic performance of the DENSE sequence is altered by the use of the reduced FOV technique. However, in our initial pilot cohort, despite the reduction in SNR associated with the reduced FOV technique, the peak strain values were similar between the shortened and full DENSE acquisitions. Future studies may consider adapting the FOV and hence the breath hold duration based on the patient anatomy and scan plane.
In conclusion, this study demonstrates the feasibility of CMR assessment of myocardial strain in DCM patients and healthy controls using a novel cine DENSE technique which enabled a reduction in breath hold duration by onethird. This may facilitate the integration of myocardial strain assessment into routine CMR studies, providing a one stop imaging investigation for patients with DCM. 
